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Direct electron transferRedox thermodynamics and kinetics of plastocyanin from Phormidium laminosum, and of azurin from Pseudonomas
aeruginosa, have been investigated as a function of temperature by proteinﬁlm voltammetry. To this purpose, both
proteins have been physisorbed on a pyrolytic graphite edge electrode. A pronounced negative shift of the plasto-
cyanin standard potential, compared to a slight shift in the case of azurin, has been found upon increasing the
temperature. Hence, signiﬁcant conformational and/or solvation changes accompany the redox conversion of plas-
tocyanin. Lower electron transfer rate constants (by c.a. one order of magnitude) and higher activation enthalpies
have been found for plastocyanin as compared to azurin. The voltammetric response of azurin vanishes irreversibly
at temperatures close to 60 °C, whereas the redox properties of plastocyanin remain unaltered, except for some
loss of electroactive protein, after heating the electrode at temperatures as high as 90 °C.1. Introduction
A variety of scientiﬁc and technological applications have fueled
in the last decades a sustained effort to understand the electrochem-
ical behavior of redox proteins [1–3]. The performance of integrated
biodevices, such as biosensors or biofuel cells, is known to be often re-
strained by kinetic limitations. A general approach to overcome these
limitations involves an increase of the operating temperature. How-
ever, proteins normally become denatured at moderate tempera-
tures, restricting the usefulness of this approach to a small group of
thermophilic proteins that keep their structure and functionality at
high enough temperatures.
Small cupredoxins, such as plastocyanins and azurins, often display
electrochemical reversibility in the adsorbed state, and are good candi-
dates to assess the inﬂuence of temperature on their redox properties.
Their thermostability has been investigated by spectroscopic techniques
in a broad temperature range [4–8], but electrochemical methods, and
particularly voltammetry, have been used only up to 50 °C [9–12].
Herein, we report on the temperature dependence of the redox prop-
erties of the thermophilic plastocyanin from Phormidium laminosum at
pH 7, close to its physiological pH, and compare the results with those
obtained for the non-thermophilic azurin from Pseudonomas aeruginosa
at pH 4.6, where its electrochemical response is pH independent [11].34 954557174.
.Both proteins were adsorbed onto a pyrolytic graphite edge electrode,
andwere subjected to cyclic linear potential scan perturbations. Analysis
of the resulting voltammograms provided the electron transfer rate con-
stant (ks), the standard potential (E0) and the amount of electroactive
protein at each temperature. Notably, thermophilic plastocyanin shows
an unusual thermal resistance: its redox properties remain unaltered
even after being heated at 90 °C.
2. Materials and methods
Wild type plastocyanin from P. laminosum was expressed in
Escherichia coli and puriﬁed as described previously [13]. Azurin from
P. aeruginosawas purchased from Sigma-Aldrich, and was used without
further puriﬁcation. Buffer solutionswere prepared fromMilliporewater
and, either anhydrous dihydrogen sodium phosphate from Fluka, or
ammonium acetate from Sigma, both being of reagent grade purity.
Pyrolytic graphite (PG) edge electrodeswere constructed by ﬁtting
a graphite rod from Mineral Technologies, with 0.07 cm2 of exposed
geometric area, into a PEEK casing. Prior to eachmeasurement, graph-
ite electrodes were polished using abrasive P1200 sandpaper, and
thoroughly rinsed with Millipore water. Either plastocyanin or azurin
were physisorbed by depositing a drop of 100 μM protein, 5 mM buffer
solution on top of the graphite surface for 16 h at 5 °C.
Linear scan voltammetric measurements were performed with an
AUTOLAB PGSTAT 30, from Eco Chemie B.V, in a three electrode undi-
vided glass cell, equipped with a gas inlet and thermostated with a
water jacket. The counter and reference electrodes were a Pt bar and
Table 1
Redox parameters of plastocyanin and azurin adsorbed at a PG edge electrode at 20 °C.
Protein E0 (mV)
vs. SHEa
ΔSrc0 ΔHrc0 ks ΔHa#
(J mol−1 K−1) (kJ mol−1) (s−1)b (kJ mol−1)
Plastocyanin 355±10 −80±13 −60±9 10±2 15.5±1.0
Azurin 315±10 −13±3 −36±2 150±6 12.5±1.5
a Estimated from the average of anodic and cathodic peak potentials.
b Estimated from Marcus electron transfer theory in the high reorganization energy
limit.
Fig. 1. Voltammetric features for plastocyanin (left panels) and azurin (right panels)
adsorbed at a PG edge electrode. (a and b) Raw and background-corrected cyclic vol-
tammograms recorded at 20 °C and 1 V s−1. (c and d) Anodic and cathodic peak poten-
tials as a function of the logarithm of the scan rate at distinct temperatures (black
circles) 20 °C; (blue triangles) 40 °C and (red squares) 60 °C. (e and f) Variation of
the protein coverage with temperature during the heating (red circles) and cooling
(blue triangles) thermal scans. Typical voltammograms are included as insets.an Ag/AgCl/NaCl saturated electrode, respectively. The reference elec-
trode was connected to the cell solution via a salt bridge, and kept
at room temperature (23±2 °C) in a non-isothermal conﬁguration.
Reported potential values have been corrected to the SHE potential
by shifting +192 mV the experimental potential values. All measure-
ments were carried out under nitrogen atmosphere. Working solu-
tions contained either 5 mM phosphate buffer (pH 7.0), or 20 mM
ammonium acetate buffer (pH 4.6), plus 0.1 M NaCl. Their pH was
measured at room temperature with an Orion 8102BN electrode
connected to an Orion 420A pH meter. These buffer solutions display
a very small variation of pH with temperature [14], and no attempt
was made to account for this effect.
3. Results and discussion
Fig. 1 illustrates typical voltammograms of adsorbed plastocyanin
(Fig. 1a) and azurin (Fig. 1b). PG edge electrodes have a rough surface
[15], which translates into high capacitative currents, and into appar-
ent protein coverages that are bigger than expected for an electroac-
tive protein monolayer on a smooth surface. The full width at half
maximum of the azurin peaks coincides with the theoretical value
for a one electron exchange of a surface immobilized redox couple.
Plastocyanin peaks tend to be broader, as expected for either a distri-
bution of tunneling distances between the protein copper center and
the electrode surface, or for a distribution of environments of the
adsorbed protein [16]. Standard potential values of the immobilized
proteins at 20 °C (see Table 1) are ~20 mV more positive (in the case
of plastocyanin), or more negative (in the case of azurin), than their
reported values in solution [17,18]. These standard potential shifts in-
dicate a further stabilization of the reduced form of plastocyanin and
of the oxidized formof azurin, upon adsorption at the graphite surface.
As the scan rate is being increased, the two voltammetric peaks
depart progressively from each other, producing trumpet plots, as
those depicted in Fig. 1c and d for both proteins. Solid lines in these
plots are theoretical ﬁts computed by simulation using a ﬁnite differ-
ence procedure from the high reorganization energy (λ) limit (i.e. for
λ>F |Ep−E0|) of the Marcus electron transfer theory [19], with addi-
tion of a small ﬁnite peak separation to account for the persistent low
scan rate peak splitting. Electron transfer rate constants for plastocy-
anin and azurin at 20 °C are listed in Table 1. As it is often the case
with members of this protein family [12,20], electron exchange is
about ten times faster for azurin than for plastocyanin.
To assess the inﬂuence of temperature on the voltammetric re-
sponse, the electrode with the adsorbed protein was kept inside the
electrochemical cell for ~6 h, while the temperature was ﬁrst in-
creased from 0 °C to 90 °C and then lowered back to 0 °C, with stops
to record voltammograms at different scan rates every 10 °C. It should
be noted that the electroactive surface concentrations of both plasto-
cyanin (Fig. 1e) and azurin (Fig. 1f) decrease along this thermal cycle,
due to either irreversible denaturation or desorption. This protein loss
is most severe in the case of azurin, and restricts its voltammetric
analysis to the forward thermal scan, and just up to 60 °C. Notably,
plastocyanin remains electroactive to allow its quantitative character-
ization along the whole thermal cycle.
Fig. 2 shows the variation with temperature of the standard poten-
tial and electron transfer rate constant of these two proteins. It should
be noted that the redox properties of plastocyanin are the same in the
forward and backward thermal scans (Fig. 2, open and closed sym-
bols), providing strong evidence in favor of its full redox activity at
90 °C. Besides, the slopes of the E0 vs. T plots (i.e. the ΔSrc0 values asso-
ciatedwith protein reduction) in Fig. 2a point to signiﬁcant differences
in theway these two adsorbed proteins rearrange their structure upon
changing their oxidation state. As a comparison, the entropy changes
reported for three azurins and three non-thermophilic plastocyanins
in solution lie within the −68≤ΔSrc0 /J mol−1 K−1≤−10 range [21].
We have found a similar value for adsorbed azurin (see Table 1), butthe ΔSrc0 values for the thermophilic plastocyanin in this work are
more negative, and decrease further upon increasing the temperature
(from −71 to −147 J mol−1 K−1 within the tested temperature
range). It is interesting to note that the ΔSrc0 values reported in Ref.
[11] for azurin at pH 5.0 (−8 J mol−1 K−1), 6.4 (−10 J mol−1 K−1)
and 7.7 (−14 J mol−1 K−1) indicate that the change of solution pH
Fig. 2. (a) Temperature dependence of the standard redox potential and (b) Arrhenius
plots for plastocyanin (black) and azurin (green) adsorbed at a PG edge electrode.
Closed symbols were obtained during the heating thermal scan, and open symbols dur-
ing the reverse cooling scan.only accounts for a small part of the big differencewe have observed be-
tween theΔSrc0 values for azurin at pH 4.6 (−13 J mol−1 K−1) and plas-
tocyanin at pH 7 (−80 J mol−1 K−1). The same trend is obtained when
the enthalpy changes ΔHrc0 for non-thermophilic plastocyanins and
azurins in Ref. [21] (that lie between−36 and−50 kJ mol−1), are com-
paredwith our results in Table 1, andmore speciﬁcally withΔHrc0 values
for plastocyanin that vary between −58 and −72 kJ mol−1 upon in-
creasing temperature. Noteworthy, the change in redox state of plasto-
cyanin is accompanied by progressively bigger conformational and/or
solvational changes as the temperature is being increased, whereas
this effect is absent for the adsorbed azurin.
The slopes of the linear Arrhenius plots in Fig. 2b provide the acti-
vation enthalpy (ΔHa#) values for interfacial electron transfer listed in
Table 1. It is interesting to note that the values of ks and ΔHa# for
azurin are very close to those recently reported for the same protein
adsorbed at an undecanethiol monolayer deposited on gold [22].
This coincidence suggests that the electron exchange between graph-
ite and physisorbed azurin can be characterized by a weak electronic
coupling, even though surface and protein are in close contact. If the
nonadiabatic regime applies, then the reorganization energy of azurin
for electron transfer can be calculated on the basis of ΔHa#≈λ /4 [23],
giving a value of 0.52 eV that falls within the range of accepted values
[22–24]. The same assumptions lead to a somewhat larger reorgani-
zation energy value of 0.64 eV for Plastocyanin.
4. Concluding remarks
Plastocyanin from P. laminosum retains its redox activity at tem-
peratures as high as 90 °C. The comparison of its electrochemicalbehavior with that of azurin from P. aeruginosa shows a marked dif-
ference in the rates of variation of their standard potentials with tem-
perature. The energetic and entropic differences between the two
redox forms of adsorbed azurin remain nearly temperature indepen-
dent up to 60 °C, whereas they display a strong variation in the case of
plastocyanin, surpassing reported values in literature for similar pro-
teins in solution. One can then wonder whether this abrupt variation
of plastocyanin standard potential reﬂects the structural and/or sol-
vational changes necessary to safeguard its redox activity at high
temperatures.
This striking result, though limited to the case of a simple redox
protein, can be considered as a ﬁrst step towards the development
of more efﬁcient biotechnological devices operating at high tempera-
tures. To avoid extensive protein desorption at high temperatures, a
covalent immobilization procedure is currently underway.Acknowledgments
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